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Abstract: The demand for bone substitutes is increasing in Western countries. Bone graft substitutes
aim to provide reconstructive surgeons with off-the-shelf alternatives to the natural bone taken
from humans or animal species. Under the tissue engineering paradigm, biomaterial scaffolds
can be designed by incorporating bone stem cells to decrease the disadvantages of traditional
tissue grafts. However, the effective clinical application of tissue-engineered bone is limited by
insufficient neovascularization. As bone is a highly vascularized tissue, new strategies to promote
both osteogenesis and vasculogenesis within the scaffolds need to be considered for a successful
regeneration. It has been demonstrated that bone and blood vases are piezoelectric, namely, electric
signals are locally produced upon mechanical stimulation of these tissues. The specific effects of
electric charge generation on different cells are not fully understood, but a substantial amount of
evidence has suggested their functional and physiological roles. This review summarizes the special
contribution of piezoelectricity as a stimulatory signal for bone and vascular tissue regeneration,
including osteogenesis, angiogenesis, vascular repair, and tissue engineering, by considering different
stem cell sources entailed with osteogenic and angiogenic potential, aimed at collecting the key
findings that may enable the development of successful vascularized bone replacements useful in
orthopedic and otologic surgery.
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1. Introduction
Stem cells are the foundation of tissue development and regeneration. Since tissues
develop as three dimensional (3D) structures, tissue engineering has emerged in recent
decades as a multidisciplinary field to enable 3D regeneration [1]. As such, it is based
on three pillars, namely, cells (primarily, stem cells), biomaterial scaffolds (to allow 3D
spatial organization of the cells), and stimulatory factors (to carry out fundamental cellular
functions, such as proliferation and/or differentiation). Under a classical approach, tissue
engineering provides cells with differentiation potential to be seeded on biocompatible
scaffolds; the resulting cell/scaffold constructs are cultured in media containing chemical
factors stimulating cell proliferation and/or differentiation to mimic in vitro the native
microenvironment of a specific anatomical district [2]. In this view, the biomaterial scaffold
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Figure 1. Direct piezoelectric effect in a biomaterial element: (A) without external stress, and (B)
Figure 1. Direct piezoelectric effect in a biomaterial element: (A) without external stress,
subject to compressive stress with charge generation. P: polarization vector; V: voltage; red arrows:
and (B) subject to compressive stress with charge generation. P: polarization vector; V: voltage;
dipoles; black arrows: direction of polarization vector.
red arrows: dipoles; black arrows: direction of polarization vector.
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Finally, the polymers entitled with the highest piezoelectric properties, i.e., belonging to
the poly(vinylidene fluoride) (PVDF) family, are chemically stable. Therefore, the lack of
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Finally, the polymers entitled with the highest piezoelectric properties, i.e., belonging to
the poly(vinylidene fluoride) (PVDF) family, are chemically stable. Therefore, the lack of
biodegradable polymers showing relevant piezoelectricity is still a bottleneck of tissue
engineering applications, which is invoked to be possibly overcome by polymer nano4 of 25
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The bone cells, representing a low volumetric fraction of the tissue, are responsible for
the fine and fundamental control and maintenance of bone homeostasis. Three main types
of cells concur with this mechanism: the osteoblasts (or bone building cells), the osteocytes,
and the osteoclasts (or bone destroying cells) (Figure 3B) [33].
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In time, the osteoblasts are found to be enclosed inside the matrix they have built,
thus becoming osteocytes. These cells do not divide and have an average lifespan of about
25 years. Moreover, they can reversibly turn back into osteoblasts, and live a new life
as bone constructors [37]. The osteocytes are able to interact with other cells, forming a
communication network with osteoprogenitor cells, osteoblasts, and osteocytes where the
osteocytes act as mechanosensors [33]. They are stellate cells, with a biconvex-shaped
cellular body and numerous cytoplasmic extensions. As such, between the plasma membrane of the cell body and the extensions, the mineralized matrix remains a thin space
occupied by osteoid tissue [34]. On bony surfaces, the osteoblasts are responsible for the
synthesis and mineralization of the matrix; in addition, they are joined together with the
neighboring osteocytes through gap junctions, through which the cells exchange signal
molecules for the coordination of the metabolism and deposition of the bone matrix. Osteoblasts secrete growth factors, including transforming growth factor beta (TGF-β), which
acts in an autocrine and paracrine manner, modulates the proliferation of osteoprogenitor
cells, promotes their differentiation, increases the metabolism of mature osteoblasts, and is
sensitive to electric stimulation [38,39]. These cells are able to respond to various stimuli,
including mechanical, intervening again in growth and remodeling [40]. Remarkably,
the vascularization process is crucial in bone regeneration as well as in remodeling and
homeostasis, and the complex pathways that lead to angiogenesis and osteogenesis are
interdependent [41]. In such a complex tissue microenvironment, mechanical stimuli are
finely sensed by osteocytes and act as signals for bone cells to modify their gene expression
and finally induce synthesis or degradation of the bone ECM. Differently from the osteoblasts/osteocytes, of mesenchymal origin, the osteoclasts are polynucleated giant cells,
belonging to the macrophage family (i.e., of hematopoietic origin) [42]. The articulated
system of microscopic channels and lacunae in the compact bone, and/or cavities in the
spongy bone permits an efficient cellular cross-talk that enables the complex mechanism
of bone growth and remodeling. By virtue of remodeling, the osseous tissue is also able
to optimize its shape and resistant sections depending on the load to bear, thus showing
astonishing adaptive changes [43].
Bone has also been recognized to show piezoelectricity, which is suggestive of important signaling involved in tissue function. Collagen fibers are considered to play a role in
bone piezoelectricity [44]. The collagen molecule is made up by three polypeptide strands,
connected by hydrogen bonds and twisted to form a triple helix structure. As such, the it
can behave as a crystal, which produces the piezoelectric effect by orientation of dipoles
involving NH and CO groups [12]. Collagen is produced by a fibrillogenic process in which
the procollagen chains produced at an intracellular level nucleate at one end to give rise to
a procollagen trimer, which undergo a self-assembly process occurring extracellularly. In
bone, collagen type I accounts for 90% of collagenic proteins. In osteoblasts, COL1A1 gene
produces the pro-α1(I) chain [38,45]. This chain combines with another pro-α1(I) chain
and with a pro-α2(I) chain (produced by the COL1A2 gene) to make a molecule of type
I procollagen. These triple-stranded, rope-like procollagen molecules are extruded out
of the cell and further processed by enzymes to arrange themselves into long, thin fibrils
that cross-link to one another in the inter-cellular spaces [46]. The cross-links result in the
formation of very strong mature type I collagen fibers (Figure 4A) [47,48]. Collagens are
the main constituents of bone as well as vascular tissues. All vessel lumens are made of
endothelial cells (ECs) anchored on an underlying basement membrane, a thin structure
made of laminin, collagens type IV, type XV, and type XVIII, among other biomolecules.
Under the basement membrane, normal vessels contain elastic fibers and collagens with
different amounts, depending on whether they are arteries or veins, including fibrillar
collagens type I and III [49].
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piezoelectric action can in turn alter the chemistry of the collagen molecules or affect the
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cellular activity responsible for the control mechanism involved in the bone growth and
remodeling [52].

Figure 4. Structure and piezoelectric behavior of collagen molecule. (A) Hierarchical schematic showing the amino acid
Figure 4. Structure and piezoelectric behavior of collagen molecule. (A) Hierarchical schematic showing the amino acid
sequence in which X and Y are usually proline and hydroxyproline, thus being able to form a unique α helix secondary
sequence in which X and Y are usually proline and hydroxyproline, thus being able to form a unique α helix secondary
structure. Fibrillar collagen is a triple helix containing crosslinks formed through the action of lysyl oxidase. Collagen
structure.
collagen
is athickness
triple helix
crosslinks
through
the from
action
of lysyl
oxidase.
Collagen
fibrils
formFibrillar
fibers with
varying
andcontaining
a D-banding
pattern formed
of 67 nm.
Adapted
[47],
reused
under Creative
fibrils form
fibers with(CC
varying
thickness
and a D-banding
pattern
of 67 polarization
nm. Adapted
[47],Red
reused
under
Creative
Commons
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BY) license.
(B) Schematic
showing
permanent
infrom
α-helix.
arrows
indicate
the
Commons
(CC BY)Adapted
license. (B)
Schematic
showing
polarization
in α-helix.
Red(license
arrows number
indicate
direction
of Attribution
the dipole moment.
from
[26], reused
under permanent
Elsevier & Copyright
Clearance
Center
the direction of (C)
the Single
dipole collagen
moment.fibril
Adapted
from
[26], reused
underforce
Elsevier
& Copyright
Clearance Center
5185310303078).
analysis
obtained
via atomic
microscopy:
(i) topography,
and (ii)(license
corresponding
shear piezoelectricity
obtained
underfibril
piezoforce
microscopy
mode.
Reprinted
with permission
from [50], Copnumber 5185310303078).
(C) Single
collagen
analysis
obtained via
atomic
force microscopy:
(i) topography,
and
yright
2009,
American
Chemical
Society.
(ii) corresponding shear piezoelectricity obtained under piezoforce microscopy mode. Reprinted with permission from [50],
Copyright 2009, American Chemical Society.

More recently, it has been shown that synthetic nanocrystalline hydroxyapatite films
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strong piezoelectricity
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thus to be considered
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stable
as
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consequence
of
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surface
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is thus
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to make bone a
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erties, such as the post-systolic elastic recoil [57]. Elastin has recently been discovered to
The mesenchymal stem (or stromal) cell (MSC) is considered to be upstream the osdemonstrate intrinsic polarization at the monomer level, thus to be considered analogously
teogenic lineage, and COL1 gene is an indisputable early marker of osteogenesis
to a classical perovskite unit cell [16]. The diffused evidence of piezoelectricity in bone as a
[45,58,59].
However,
progenitorfor
of including
the MSC piezoelectric
is still a subject
of debate,
vascularized
tissue isthe
thusancestor
highly supportive
stimuli
to attainthe
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a
possible
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[59,60].
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originBone
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(MSC)
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Runx2
[45].
Among
them,
osteoprogenitors
are
found
in
the
inner
layer
of the
teogenic lineage, and COL1 gene is an indisputable early marker of osteogenesis
[45,58,59].
However, the ancestor progenitor of the MSC is still a subject of debate, the pericyte being a possible candidate according to some hypotheses [59,60]. The mesengenic process
describes the descendances of the MSC family tree, which includes bone, cartilage and
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vasculature, among other mesodermal origin tissues (Figure 5) [58]. In the osteogenic
lineage, various progenitors at diverse differentiation stages have been
which
ules 2021, 11, x FOR PEER REVIEW
7 of described,
24
all share the osteogenic hallmark, namely, core binding factor alpha-1 (CBFA1) known
also as Runx2 [45]. Among them, osteoprogenitors are found in the inner layer of the
periosteum, called the osteogenic layer of Ollier, and in the endosteum, resemble MSCs
periosteum, called
layer
Ollier, andcells
in the
endosteum,
MSCs
and the
canosteogenic
differentiate
intoofosteoblastic
also
exploitingresemble
bone morphogenetic
proteins
and can differentiate
into osteoblastic cells also exploiting bone morphogenetic proteins
(BMPs).
(BMPs).

Figure 5. of
Schematic
of the mesengenic
process
showing
MSCsand
upstream
and their differentiation
Figure 5. Schematic
the mesengenic
process showing
MSCs
upstream
their differentiation
capacity across diverse
capacity
across
diverse
mesoderm
tissues,
including
bone.
Reprinted
with
fromClearance
[61],
mesoderm tissues, including bone. Reprinted with permission from [61], under Elsevierpermission
and Copyright
Center
under
Elsevier
and
Copyright
Clearance
Center
(license
number
5166410951759).
(license number 5166410951759).
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functional tissue-engineered
construct.
obtain a vascularized
stitute, cell precursors
able to differentiate
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(i.e.,
osteoblasts),
as wellasaswell
pre-as precursors recell precursors
able to differentiate
intocells
bone
cells
(i.e., osteoblasts),
cursors regenerating
the vascular
endothelium
andand
promoting
angiogenesis,
areare
considgenerating
the vascular
endothelium
promoting
angiogenesis,
considered. Primary
ered. Primary osteoblasts
cell
type
considered
forfor
tissue
osteoblastsare
arecertainly
certainlythe
themost
mostimmediate
immediate
cell
type
considered
tissue engineering
engineering studies
applied
to
bone
tissue
regeneration,
However,
they
need
to
be
isostudies applied to bone tissue regeneration, However, they need to
isolated
from bone
lated from bonebiopsies
biopsiesand
and
the
long
time
their
isolation
expansion,
along
with
the
long
time
forfor
their
isolation
andand
expansion,
along
with
their low viability,
their low viability,
make
primary
osteoblasts
poorly
useful
for developing
customized
make
primary
osteoblasts
poorly
useful
for developing
customized
3D 3D
models [62,63].
models [62,63].
An interesting and widely studied alternative is represented by MSCs, isolated for the
first time
from BM,
but also
present in
many other anatomical
sites, such
An interesting
and widely
studied
alternative
is represented
by MSCs, isolated
for as muscle and
adipose
dental
pulp,
umbilical
cord blood,sites,
among
others
[64–66]. BM-derived
the first time from
BM, tissue,
but also
present
inand
many
other anatomical
such
as muscle
MSCsdental
represent
0.10–0.01%
of thecord
entire
cellular
population
the BM. They are
and adipose tissue,
pulp,
and umbilical
blood,
among
others present
[64–66]. in
BMable to adhere
to the culture
flask and
showpopulation
a spindle shape
similar
that of fibroblasts.
derived MSCs represent
0.10–0.01%
of the entire
cellular
present
in thetoBM.
Moreover,
are characterized
by theaabsence
hematopoietic
They are able to
adhere toMSCs
the culture
flask and show
spindleofshape
similar tomarkers,
that of such as CD34,
CD45, CD14,
by the expression
of absence
a specific
of adhesion
molecules, such as
fibroblasts. Moreover,
MSCs and
are characterized
by the
ofpattern
hematopoietic
markers,
CD90, CD14,
CD105,and
andby
CD44.
They are able
differentiate
towards
the adipogenic,
osteogenic,
such as CD34, CD45,
the expression
of atospecific
pattern
of adhesion
moleand
chondrogenic
lineages,
and
produce
a
variety
of
cytokines,
which,
in
the
preclinical
cules, such as CD90, CD105, and CD44. They are able to differentiate towards the adipomodel,
favor
engraftment
and
reduce
the
rejection
of
transplants
[67–69].
MSC
isolation
genic, osteogenic, and chondrogenic lineages, and produce a variety of cytokines, which,
from
BM,
however,
is
somehow
painful
for
the
patient,
thus
other
anatomical
sites
could
in the preclinical model, favor engraftment and reduce the rejection of transplants [67–
be considered.
69]. MSC isolation
from BM, however, is somehow painful for the patient, thus other antissue-derived MSCs (AD-MSCs) are easily isolated from lipoaspirates in
atomical sites could Adipose
be considered.
larger
amount
than MSCs
isolated
BM
[70,71].from
They
show features
Adipose tissue-derived MSCs
(AD-MSCs)
arefrom
easily
isolated
lipoaspirates
in similar to the
BM-MSCs,
but
show
an
increased
differentiation
capability
towards
adipogenic
lineage
larger amount than MSCs isolated from BM [70,71]. They show features similar to the BMMSCs, but show an increased differentiation capability towards adipogenic lineage and a
decreased potential towards the osteogenic lineage [72]. In addition, AT-MSCs highlighted in vivo ability to secrete proangiogenic mediators and molecules stimulating the
activity of the bone tissue [73].
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decreased potential towards the osteogenic lineage [72]. In addition, AT-MSCs
highlighted in vivo ability to secrete proangiogenic mediators and molecules stimulating
the activity of the bone tissue [73].
Oral
Oraltissue
tissueisisaagood
goodsource
sourceof
ofstem
stemcells,
cells,thus
thusbeing
beingconsidered
consideredaavaluable
valuabletool
toolfor
for
bioengineering
[74].
They
can
be
isolated
from
various
sites,
such
as
the
periodontal
bioengineering [74]. They can be isolated from various sites, such as the periodontal ligaligaments,
apical
papilla,
andexfoliated
exfoliatedtemporal
temporalteeth
teeth [75].
[75]. These
These MSCs
MSCs are
ments, thethe
apical
papilla,
and
are similar
similartoto
BM-MSCs:
they
adhere
in
culture
flasks
and
show
fibroblastic-like
morphology;
moreover,
BM-MSCs: they adhere in culture flasks and show fibroblastic-like morphology; moreothey show stem cell markers and hematopoietic markers are not present; finally, they are
ver, they show stem cell markers and hematopoietic markers are not present; finally, they
able to differentiate with towards adipogenic, chondrogenic, and osteogenic lineages in a
are able to differentiate with towards adipogenic, chondrogenic, and osteogenic lineages
similar fashion to BM-MSCs [76,77]. In addition to stimulating bone formation in vivo and
in a similar fashion to BM-MSCs [76,77]. In addition to stimulating bone formation in vivo
in vitro, these cells are able to promote angiogenesis (Figure 6) [78].
and in vitro, these cells are able to promote angiogenesis (Figure 6) [78].

Figure
Figure6.6.Osteogenic
Osteogenicand
andvasculogenic
vasculogenicpotential
potentialof
ofdental
dentalpulp
pulpMSCs:
MSCs:(A)
(A)von
vonKossa
Kossastaining
stainingofof
osteo-differentiated dental
dental pulp MSCs,
and
cells
in in
red.
Arrows
osteo-differentiated
MSCs, showing
showingcalcium
calciumdeposits
depositsininblack
black
and
cells
red.
Arpointpoint
to representative
areas areas
of intense
mineral
deposition
in proximity
to osteoblasts;
and (B) and
light
rows
to representative
of intense
mineral
deposition
in proximity
to osteoblasts;
micrograph
of dentalofpulp
MSCs
after
endothelial
differentiation,
showing showing
capillary capillary
tube-like tubestruc(B)
light micrograph
dental
pulp
MSCs
after endothelial
differentiation,
tures. Reprinted with permission and adapted from [61], under Elsevier and Copyright Clearance
like structures. Reprinted with permission and adapted from [61], under Elsevier and Copyright
Center (license number 5166500137992).
Clearance Center (license number 5166500137992).

Anothercellular
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reAnother
been
considered
to obtain
3D 3D
models
for bone
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is
represented
by
induced
pluripotent
stem
cells
(iPSCs).
IPSCs
are
obtained
eration is represented by induced pluripotent stem cells (iPSCs). IPSCs are obtained by
by genetic
engineering
procedures,
transferring
transcription
factors
such
as Oct4,
Sox2,
genetic
engineering
procedures,
transferring
transcription
factors
such as
Oct4,
Sox2, Klf4,
Klf4,
and
c-Myc
to
human
primary
cells,
making
them
acquire
pluripotency
characterisand c-Myc to human primary cells, making them acquire pluripotency characteristics simiticstosimilar
those of embryonic
cells. Therefore,
such
cells
can also differentiate
into
lar
those oftoembryonic
cells. Therefore,
such cells can
also
differentiate
into osteoblasts
osteoblasts
and However,
osteoclasts.
However,
complex
procedure
required
to and
obtain
and
osteoclasts.
the
complex the
procedure
required
to obtain
iPSCs
theiPSCs
low
and the low
efficiency
of the
procedure
not to
yetobtain
suitable
to obtainpreclinical
predictive
efficiency
of the
procedure
render
them render
not yetthem
suitable
predictive
preclinical
models [79–81].
models
[79–81].
To
achieve
endothelialregeneration
regenerationfor
foraacorrect
correctbone
bonevascularization,
vascularization,ititisisnecessary
necessary
To achieve endothelial
that
the
endothelial
cells
(EC)
already
present
in
a
vessel
migrate
and/or
that
endothelial
that the endothelial cells (EC) already present in a vessel migrate and/or that endothelial
progenitorcells
cells(EPCs)
(EPCs)deriving
derivingfrom
fromBM
BM
are
recruited
lesion
[82,83].
EPCs
progenitor
are
recruited
to to
thethe
lesion
sitesite
[82,83].
EPCs
areare
a
a population
unipotent
progenitors
withself-renewal,
self-renewal,clonogenicity
clonogenicityand
anddifferentiation
differentiation
population
of of
unipotent
progenitors
with
capabilitypresent
presentin
inthe
theperipheral
peripheralblood
bloodof
ofmany
manyorgans
organssuch
suchas
asspleen,
spleen,umbilical
umbilicalcord,
cord,
capability
liver,kidney
kidney[84–86].
[84–86].Recent
Recentstudies
studiesindicate
indicatethat
thatEPCs
EPCscan
canpromote
promoteendothelial
endothelialregeneraregenerliver,
ation
notdirectly,
directly,
but
throughthe
therelease
releaseofofsoluble
solublefactors
factorssuch
suchasasbone
bonemorphogenetic
morphogenetic
tion
not
but
through
proteins
endothelialgrowth
growthfactor
factor(VEGF),
(VEGF),
TGF-β,
and
recruiting
proteins(BMPs),
(BMPs), vascular endothelial
TGF-β,
and
by by
recruiting
resresident
MSCs
and
ECs
bone
formation
site
[87–90].
ident MSCs
and
ECs
at at
thethe
bone
formation
site
[87–90].
Mesangiogenic
Mesangiogenic(or
(ormesodermal)
mesodermal) progenitor
progenitor cells
cells(MPCs),
(MPCs), described
described in
in 2008
2008 as
asidenidentified
tifiedin
inhuman
humanBM
BMmononuclear
mononuclearcell
cellcultures
culturesduring
duringisolation
isolationand
andexpansion
expansionofofMSCs
MSCs
under
cell
source
to to
be be
considered
to the
endothelial
underanimal-free
animal-freeconditions,
conditions,are
area powerful
a powerful
cell
source
considered
to the
endotheand
bone
regeneration
(Figure
7)
[91].
An
extensive
phenotypic
and
functional
lial and bone regeneration (Figure 7) [91]. An extensive phenotypic and functional charcharacterization
acterization of
of these
these interesting
interesting cells
cellsshowed
showedaadistinct
distinctphenotype
phenotypefrom
fromMSCs
MSCsand
andthe
the
expression
expressionof
ofCD45,
CD45,although
althoughatatmuch
muchlower
lowerlevels
levelsofofleukocytes.
leukocytes.Furthermore,
Furthermore,the
thegene
gene
expression
of MPCs
MPCsrevealed
revealedpluripotency
pluripotencymarkers,
markers,
such
as Oct-4,
Nanog
expression profile
profile of
such
as Oct-4,
Nanog
and and
NesNestin
(Figure
7)
[92,93].
Rigorous
studies
have
demonstrated
a
differentiative
capability
tin (Figure 7) [92,93]. Rigorous studies have demonstrated a differentiative capability of
MPCs towards MSCs, which in turn can differentiate in vitro and in vivo towards osteoblastic, chondrogenic, and adipogenic lineages, among others [94]. Furthermore, MPCs
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of MPCs towards MSCs, which in turn can differentiate in vitro and in vivo towards osteoblastic, chondrogenic, and adipogenic lineages, among others [94]. Furthermore, MPCs
retained
retainedaademonstrated
demonstratedangiogenic
angiogenicpotential
potentialboth
bothininvitro
vitroand
andin
invivo,
vivo,which
whichisislost
lostupon
upon
differentiation
towards
the
mesenchymal
lineage
[95].
differentiation towards the mesenchymal lineage [95].

Figure7.7.MPCs
MPCsversus
versusMSCs.
MSCs.Immunofluorescent
Immunofluorescentstaining
stainingconfirms
confirmsthe
theexpression
expressionofof
Nanog,
OctFigure
Nanog,
Oct-4
4 and Sox15 (green) in MPC but not in MSC nuclei (blue) MPCs and MSCs show different spatial
and Sox15 (green) in MPC but not in MSC nuclei (blue) MPCs and MSCs show different spatial
organization of F-actin (red). MPCs also differ from MSCs due to their unexpected high expression
organization of F-actin (red). MPCs also differ from MSCs due to their unexpected high expression of
of well-organized Nestin filaments (green). Reused from [89] under Creative Commons Attribution
well-organized
Nestin filaments (green). Reused from [89] under Creative Commons Attribution
License.
License.

Efforts to determine which BM sub-population might be capable of generating MPCs
Efforts to determine which BM sub-population might be capable of generating MPCs
in culture have led to the identification of a single subpopulation with monoblast-like
in culture have led to the identification of a single subpopulation with monoblast-like charcharacteristics, called Pop#8, which showed high potential for endothelium regeneration
acteristics, called Pop#8, which showed high potential for endothelium regeneration [96].
[96].
Remarkably, MPCs, as a single stem cell source, retain the potential to generate all
Remarkably, MPCs, as a single stem cell source, retain the potential to generate all
the populations necessary for prevascularized bone substitutes under a tissue engineering
the populations necessary for prevascularized bone substitutes under a tissue engineering
approach [97]. For these reasons, co-culture of MPC-derived EPCs and MPC-derived MSCs
approach [97]. For these reasons, co-culture of MPC-derived EPCs and MPC-derived
on a biocompatible and bioresorbable scaffold is expected to give rise to a pre-vascularized,
MSCs on a biocompatible and bioresorbable scaffold is expected to give rise to a pre-vasfully-autologous, and functional bone construct relevant for clinical applications. Simulcularized, fully-autologous, and functional bone construct relevant for clinical applicataneous employment of different cell populations could improve the efficiency of the
tions. Simultaneous
ofMSCs
different
populations
couldcells
improve
the effiregenerative
process. employment
Co-cultures of
and cell
endothelial
precursor
have demonciency
of
the
regenerative
process.
Co-cultures
of
MSCs
and
endothelial
precursor
cells
strated that these different cell populations have a synergistic action. Indeed, studies
have
demonstrated
that
these
different
cell
populations
have
a
synergistic
action.
Indeed,
where MSCs and EPCs or human umbilical vein cells (HUVECs) were co-cultured on 3D
studies where
or humaninumbilical
veinrate
cellsof
(HUVECs)
were
co-cultured
scaffolds
have MSCs
shownand
an EPCs
improvement
the survival
MSCs and
stimulation
of
on
3D
scaffolds
have
shown
an
improvement
in
the
survival
rate
of
MSCs
and
stimulation
bone differentiation as well as angiogenesis [98–101]. A schematic of MSC and
HUVEC
of bone differentiation
asreported
well as angiogenesis
[98–101].
A schematic
of MSC and
HUVEC
co-culture
on a scaffold is
in Figure 8. Recent
studies
have highlighted
the absence
co-culture on a scaffold is reported in Figure 8. Recent studies have highlighted the absence of MPCs in the adipose tissue, thus raising doubt about the capability of AD-MSCs
to promote an efficient osteogenesis, which includes vascularization potential [96].
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Bioelectricity, which originates from transmembrane voltage gradients at a cell level,
MPCs to
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the adipose
raising doubt
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of AD-MSCs
to
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a centraltissue,
role inthus
orchestrating
cell function
embryonic
developpromote
an efficient
osteogenesis,
which
vascularization
potential
[96].
ment,
as well
as in tissue
regeneration
andincludes
repair, thus
strongly involving
stem
cells [102].

Figure8.8.Schematic
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including
vasculature;
Figure
(A)(A)
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tissue
including
vasculature;
(B) a(B)
po-a
porous
scaffold;
and
(C)
histological
analysis
displaying
a
pore
colonized
by
a
dual
cell
population:
rous scaffold; and (C) histological analysis displaying a pore colonized by a dual cell population:
osteoblast-like cells
cells producing mineral
black),
and
endotheosteoblast-like
mineral matrix
matrix(by
(byvon
vonKossa
Kossastaining
stainingpositive,
positive,inin
black),
and
endothelial
cells
surrounding
walls
Kossa
staining
negative,
in reprinted
red), reprinted
with perlial cells
surrounding
the the
porepore
walls
(von(von
Kossa
staining
negative,
in red),
with permission
mission
and adapted
fromunder
[101],John
under
Johnand
Wiley
Sons Copyright
Clearance
Center number
(license
and adapted
from [101],
Wiley
Sonsand
Copyright
Clearance
Center (license
number
5170741359741).
5170741359741).

Bioelectricity,
originates
from transmembrane
voltage stimulation
gradients at a(ES)
cellat
level,
is
Human
MSCswhich
treated
with exogenously
applied electrical
15 V
known
to
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a
central
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orchestrating
cell
function
during
embryonic
development,
for 10 min every day for 4 weeks through parallel plate electrodes, showed a significant
as well as in tissue
regeneration
repair,
thus strongly
involving
stem cells [102].
upregulation
of osteocalcin
and and
alkaline
phosphatase
(ALP)
gene expression,
as well as
Human
MSCs possibly
treated with
exogenously of
applied
electrical
stimulation
15 V
calcium
deposition,
as a consequence
augmented
cytosolic
Ca2+ ion(ES)
fluxat[103].
forhas
10 min
day for 4toweeks
through
plate
electrodes,
showedaccording
a significant
ES
also every
demonstrated
strongly
affect,parallel
in diverse
ways,
cell alignment
to
upregulation
of
osteocalcin
and
alkaline
phosphatase
(ALP)
gene
expression,
as
well
as
the electric field vector direction. As an example, cardiac and endothelial progenitor cells,
2+ ion flux [103].
calcium
deposition,
possibly
as
a
consequence
of
augmented
cytosolic
Ca
vascular ECs, MSCs and adipose-derived stromal cells aligned perpendicular to the direcES has
alsoelectric
demonstrated
to strongly
affect, the
in diverse
ways, cell
alignment
tion
of the
field vectors
to minimize
field gradient
across
the cell,according
whereas
to
the
electric
field
vector
direction.
As
an
example,
cardiac
and
endothelial
progenitor
ventricular and cardiac myocytes, myoblasts, and osteoblasts aligned parallel to
the field
cells, vascular
MSCs
adipose-derived
stromal[104].
cellsUpon
aligned
perpendicular
to
vectors
since ES ECs,
induced
celland
cytoskeleton
rearrangement
ES application,
both
the
direction
of
the
electric
field
vectors
to
minimize
the
field
gradient
across
the
cell,
MSCs and ECs, independently cultured, oriented perpendicular to the field vectors; interwhereas EC
ventricular
and resembled
cardiac myocytes,
myoblasts,
and
aligned
parallel
estingly,
morphology
that of the
inner layer
of osteoblasts
the blood vessel,
with
conto
the
field
vectors
since
ES
induced
cell
cytoskeleton
rearrangement
[104].
Upon
ES
sistent perpendicular alignment to the field vector, which was suggestive of high angioapplication,
both
MSCs
and
ECs,
independently
cultured,
oriented
perpendicular
to
the
genic potential [105,106]. As an exogenous stimulus, ES performed at an intensity lower
field2vectors;
interestingly,
morphology
resembled
of theosteogenesis
inner layer of
blood
than
V∙cm−1 for
14–28 daysEC
was
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engineering with microsurgery, for example, by implantation of an arteriovenous loop
around the construct [113]. Under a clinical perspective, reconstructing vasculature at
the moment of large bone defect reduction is highly relevant, which can be performed, if
possible, by rearranging existing vasculature, or even putatively using vascular grafts.
Artificial vessels have been developed for repairing the vascular system, thus are not
directly related to bone regeneration. However, due to the fundamental nature of vasculature in bones, in this review we revise the current knowledge about piezoelectric materials
for vascular monitoring, repair, and regeneration, independently of bone engineering, with
the objective of providing interesting knowledge to develop new materials able to promote
both bone and vascular regeneration by availing themselves of piezoelectricity. A vascular
graft is an artificial duct drawn on the patient’s artery that is used to bypass a damaged
vessel. Atherosclerosis is one of the pathologies responsible for a damage to the vascular
system, which behaves as a progressive disease characterized by the accumulation of lipids
in the blood vessels [114]. The ischemic events resulting from the disease often require the
replacement of some part of a vessel. In many cases, autologous tissue is used; however,
the limited availability of the material, the multiple surgical interventions required, the
morbidity of the donor site, and a high failure rate, make this a not a very functional
technique, prompting scientific research to identify other reparative strategies [115]. The
failure of the vascular graft is not identifiable by the presence of symptoms, but consists
of an inefficient blood flow leading to thrombus formation. To prevent the problem, it
is necessary to constantly monitor the implant, because intervening at late stages can be
difficult, leading to the patient’s death [116]. Currently, techniques are employed that
involve the use of ultrasounds, computed tomography, and angiograms to define blood
pressure and flow velocity in the lumen of the vascular graft [117,118]. However, these
procedures are complex, expensive, and can be toxic to the patient [119,120]. New solutions
to monitor the grafts consist of the use of appropriate sensors, which, placed in direct
contact with the blood flow, allow the blood pressure to be detected at the implant level.
However, they alter the structure of the vessel and can cause turbulence [117]. To overcome
this problem, sensors consisting of membranes were mounted on the external wall of a
graft constituted by polydimethylsiloxane (PDMS), a chemically inert elastomer, thermally
stable, easy to handle and to shape, and interesting for biomedical applications [121]. They
are able to measure blood pressure indirectly and record the mechanical stresses of the
vascular wall because of the blood flow passage [122].
Piezoelectric materials have proved to be very useful in providing a rapid response
to changes in vessel pressure. Indeed, they are very flexible and sensitive to mechanical
stimuli, which makes them perfect for this type of application [123–125]. However, piezoelectric sensors are also bulky, and this alters the mechanical response of the vascular wall.
For this purpose, a very thin piezoelectric sensor of aluminum nitride integrated with the
prosthesis has been developed, which showed to be non-toxic and very functional [126].
Alternatively, piezoelectric sensors based on nanoceramic zinc oxide (ZnO) and lead zirconate titanate (PZT) were created, but issues concerning biocompatibility and fragility
have occurred [127].
A different approach is to create synthetic substitutes instead of the autologous graft,
with the advantage to have a wide availability of easily customizable material. The synthetic substitutes are based on biocompatible materials commercially in use for a long time,
such as poly(tetrafluoroethylene) and poly(ethylene terephthalate), but they are used exclusively to replace vessels with a diameter greater than 6 mm, as their application in smaller
diameter replacements has caused scarce reendothelialization with consequent thrombogenesis [128]. An interesting alternative to overcome this limitation is represented by
tissue engineered vascular graft (TEVGs), based on materials that must meet three essential
requirements: they must have mechanical properties matching those of the blood vessels,
high biocompatibility, and adequate porosity to favor a correct reendothelialization, the
latter being a fundamental aspect due to the endothelium playing an active role in all physiological processes, such as homeostasis and the regulation of vascular tone. Elastomers
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Although quite effective in regenerating the endothelium, TEVGs need a long and
expensive in vitro culture process before implantation and an error in the differentiation
process can lead to an immature endothelium, with consequent implant failure [137].
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5. Piezoelectricity in Bone Tissue Regeneration
The structural components of the bone tissue are arranged according to precise patterns ranging from nan-o to macro-scale [139,140]. In particular, the fibrillar component
plays a fundamental role in the bone mechanical strength and this is particularly evident
after fractures, which represent one of the most frequent problems affecting bone tissue,
caused by trauma (e.g., due to impact or fall), and favored by certain pathologies (e.g.,
osteoporosis) [141,142]. After fracture, a new, initially disorganized, fibrillar component is
synthesized, which is later converted in parallel fibers giving increased structural rigidity [143]. Bone grafts are the most common solution for repairing a non-union, namely
a fracture that does not heal over a certain time; however, important limitations to this
procedure still remain, such as donor site morbidity, risk of infection transmission and
scarce graft availability. In order to be functional, bone implant must allow the recruitment
of osteoprogenitor cells that are able to proliferate, differentiate, produce new mineralized matrix, and remodel the bone. Furthermore, it is essential that the implant is soon
vascularized [144]. The use of biomaterials, such as bioresorbable polymers, potentially
allows some limits of traditional bone implants to be overcome, thus avoiding multiple
surgical interventions and generating a 3D structure with a microenvironment stimulating
genesis of new bone. However, rejection of synthetic implants and their osseointegration
remain frequent issues to be solved [145,146]. To be considered suitable for bone tissue
regeneration, scaffolds should possess the following characteristics: adequate mechanical
strength capable of withstanding mechanical loads which bones are normally subjected
to [147], high biocompatibility to avoid inflammation and rejection [148], and suitable
porosity that allows deep colonization by cells and neovascularization (suggested to be in
a few hundred microns but also containing pores < 20 µm) [143]. The biomaterial must
then be osteoconductive to promote the migration of osteogenic cells into the scaffold, and
osteoinductive to recruit and allow the commitment of stem cells and progenitors [149–151].
Osteoinductivity is not a merely chemical stimulus. It was demonstrated that material nanotopography can induce MPC-MSC transition as a sole factor; in particular, nanogratings,
used as a cell culture substrate, were able to promote cell morphological polarization and
stretching, which finally resulted in phenotype change towards the osteogenic lineage [152].
These results highlighted that some surfaces generate physical stimuli able to address
the cells toward specific lineages, thus opening to the interesting possibility of producing
nanopatterned biomaterials inherently able to induce stem cell differentiation, without the
use of specific growth factors or cell culture media.
Finally, the piezoelectric properties of the scaffold could be considered relevant to
impart physiological-like stimulation, including bone and vascular tissues [4]. Indeed, by
mechano-electric signals, bone regulates many phenomena such as the healing of fractures,
bone growth and remodeling [44,139,153–155]. Upon compressive loads, the mechanical
stress generates a series of events including electrical signals by virtue of collagen fibers,
specifically, collagen type I [8,44,153].
Realizing the piezoelectric nature of bone, in recent years several studies are being
performed to evaluate the effects of piezoelectric polymers and nanoparticles on bone
regeneration processes. Piezoelectric nanoparticulate systems, such as nanoceramics (i.e.,
BNTTs), mechanically activated via ultrasound after being up-taken by osteoblasts in vitro
have proven capability of stimulating bone ECM formation by upregulation of TGF-β,
a factor sensitive to electric signals [156]. On a macroscale level, PVDF was produced
in different structures, such as films, membranes, and 3D scaffolds, tested in rat bone
defects, where mechanical stress was provided by movement. After four weeks, PVDF
films demonstrated BM and trabecular bone formation. Fiber meshes improved bone
regeneration compared to the flat surface of the films, showing that the morphological
structure of the material was also involved in the control of the bone regeneration [157].
This aspect was also evaluated in a study employing P(VDF-TrFE) scaffolds, fabricated
with hexagonal or linear morphology in order to evaluate which shape actually influenced
the proliferation and differentiation of pre-osteoblasts, without using differentiation factors.
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Along with microsurgery, cited in Section 4, the strategies to improve the vascularization of an implanted scaffold also include co-culture with cells capable of endothelial
differentiation and the in vitro pre-vascularization of the construct [112]. The addition of
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6.6.Conclusions
Conclusionsand
andFuture
FuturePerspectives
Perspectives
In Europe and the United States, more than half a million patients annually receive
bone defect repairs with a cost estimate higher than 3 billion euros. Therefore, bone has
become the second most transplanted tissue after blood. These numbers are globally increasing, due to a variety of factors, such as the growing needs of the world population, the
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increased life expectancy, and access to advanced health services and assistance. Arthroplasty revision surgery, oncologic surgery, bone fractures, non-union surgery, and otologic
surgery, account for the most frequently graft-assisted reconstructive surgeries. Bone graft
substitutes aim to provide the reconstructive surgeons with off-the-shelf alternatives to the
natural bone taken from humans or animal species. Under the tissue engineering approach,
new scaffolds can be designed incorporating bone stem cells to decrease the disadvantages
of traditional tissue grafts via osteoconductive, osteoinductive, and osteogenic properties.
The key steps towards optimized clinical application of tissue-engineered bone rely on
neovascularization of the engineered construct. One of the major causes of poor implant
integration and survival in standard engineered bone constructs is the lack of vascularization. The vascularization process is crucial in bone regeneration and healing as well as in
remodeling and homeostasis, and the complex pathways that lead to angiogenesis and
osteogenesis are interdependent. Without a good blood supply, the bone formation cannot
begin and the implanted scaffold cannot be integrated in the host bone. Blood supply at the
level of the bone defect is crucial to maintain the tissue viability in the initial phases after
scaffold implantation and to allow a proper nutrient diffusion and waste removal. The
development of a new generation of smart scaffolds that can promote bone regeneration
and vascularization is one of the major challenges for bringing bone tissue engineering
research into the clinical practice.
Having realized the special contribution of piezoelectric signals towards the differentiation and function of bone and endothelial cells, piezoelectric biomaterials, particularly
those based on bioresorbable biopolymers, such as PHAs and PLLA, could ultimately
permit the successful implant of bone substitutes through their effective vascularization
in vivo. Piezoelectric, namely mechano-electric stimuli, can be sensed by stem cells. As
intriguing examples, high output electric voltages can determine MSC osteogenic commitment, whereas the direction of an electric field vector has been able to induce endothelial
and osteoblast alignment in a biomimetic fashion, revealing the prominent role of bioelectricity in bone. Many biological and some synthetic polymers possess appreciable
piezoelectricity, whose demonstration has become the objective of fundamental studies
over time. By mastering such physical cues, in terms of biomaterial and surface properties,
including surface topography, it would be possible to enhance bone healing and regeneration capacity with significant clinical relevance. Despite the current lack of comprehensive
studies designed to control the piezoelectric properties of scaffolds to regenerate vascularized bone as a whole, some in vivo studies are strongly suggestive of possible successful
achievements led by piezoelectric stimulation.
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